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Comparison of the NSP4 amino acid sequences from 31 strains of mammalian rotaviruses revealed the presence of four
distinct NSP4 alleles; i.e., the Wa, KUN, AU-1, and EW alleles. The EW allele consists only of NSP4s from murine rotavirus
strains and is divergent from other NSP4 alleles from the evolutionary perspective. There have been conflicting reports
regarding the enterotoxigenic activity of NSP4 in the mouse model system; heterologous simian and porcine rotavirus NSP4s
function as an enterotoxin in mice, while a homologous EC NSP4 does not play a dominant role as an enterotoxin in the cystic
fibrosis conductance regulator knockout mice. To further examine the enterotoxigenic activity of NSP4, we expressed in
Escherichia coli a recombinant protein consisting of glutathione S-transferase and amino acid residues 86–175 of the EW
NSP4. We found that this fusion protein caused diarrhea in the majority (8/14) of 5- to 6-day-old CD1 mice. This study
confirmed and extended that group A rotavirus NSP4s were able to induce diarrhea in neonatal mice and had an
enterotoxigenic activity. © 1999 Academic Press
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NINTRODUCTION
Rotaviruses are recognized as the most important
ause of severe diarrhea in infants and young animals of
any mammalian species (Kapikian and Chanock, 1996).
he rotavirus genome, which is contained in a triple-
ayered capsid, consists of 11 segments of double-
tranded RNA, with six genome segments coding for the
tructural proteins (VP1, VP2, VP3, VP4, VP6, and VP7)
nd five segments coding for the nonstructural proteins
NSP1-5) (Estes, 1996). Ball et al. (1996) reported recently
hat the baculovirus-expressed NSP4 from the simian
otavirus strain SA11 could function as a viral enterotoxin
n the mouse model system. Furthermore, Zhang et al.
1998) reported that the baculovirus-expressed NSP4
rom virulent porcine rotavirus strain OSU-v was capable
f inducing diarrhea in neonatal mice, whereas the bac-
lovirus-expressed NSP4 from attenuated porcine rota-
irus strain OSU-a was not. Ball et al. (1996) and Zhang
t al. (1998) gave a plausible explanation for the mech-
nism of diarrhea induction in mice; the NSP4 could
nduce diarrhea by stimulating chloride secretion
hrough a calcium-dependent signaling pathway after
inding to the putative receptor on the intestinal epithe-
ium.
On the other hand, Angel et al. (1998) observed that
he murine rotavirus strain EC particles could induce
iarrhea in CFTR (cystic fibrosis conductance regulator)
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398nockout neonatal mice that lacked the calcium-modu-
ated chloride channel in their intestinal epithelium. They
oncluded that NSP4 did not play a dominant role in
nducing diarrhea. Thus, the enterotoxigenic activity of
SP4 remains to be confirmed.
By comparing group A rotavirus NSP4 amino acid
equences from 13 human, two porcine, two bovine,
wo simian, two feline, and one canine strains, we
ave previously identified three distinct NSP4 alleles,
.e., the Wa, KUN, and AU-1 alleles, which are repre-
ented by human rotavirus strains Wa, KUN, and AU-1,
espectively (Horie et al., 1997). The SA11 and OSU
SP4s were classified into the KUN and Wa alleles,
espectively. These heterologous NSP4s were able to
nduce diarrhea in neonatal mice. It was interesting to
now whether the homologous NSP4 from murine ro-
avirus was classified into any one of the three alleles.
oreover, NSP4s from the equine and lapine rotavi-
uses have not yet been sequenced in NSP4s from the
roup A rotavirus strains isolated from the mammalian
pecies. It was also not clear whether NSP4s from the
quine and lapine rotaviruses were classified into any
ne of the three alleles. Thus, we sequenced group A
otavirus NSP4s from two equine, one lapine, and one
urine rotavirus strain.
In this study, we determined these four NSP4 se-
uences, and analysed them together with 27 group A
otavirus NSP4 sequences available in the DNA data-
ases. We then expressed the murine rotavirus EW
SP4 in Escherichia coli and gave it to 5- to 6-day-old
D1 mice to examine whether the mice got diarrhea.
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399DIARRHEA INDUCTION BY ROTAVIRUS NSP4RESULTS
hylogenetic relationships of the group A rotavirus
SP4 amino acid sequences
We sequenced the NSP4s from one murine (EW), two
quine (B-I and HI23), and one lapine (R2) rotavirus strain
nd analyzed them together with 27 NSP4 sequences avail-
ble in the DNA databases (Table 1); the NSP4 amino acid
equences analyzed in this study were derived from 16
uman, 2 porcine, 2 bovine, 2 equine, 2 simian, 2 feline, 1
anine, 1 lapine, and 3 murine rotavirus strains. The overall
mino acid identities were greater than 60% (Table 2). To
ore accurately infer phylogenetic relationships, the evo-
utionary distances between strains were computed for
ach pair of the NSP4 amino acid sequences using the
ayhoff PAM 001 matrix (Dayhoff et al., 1978). The evolu-
ionary distances ranged from 0.5% (between AU-1 and
RV-1, between KUN and S2, and between KUN and E210)
o 53.2% (between EW and M37) (Table 2). A closer look at
T
Rotavirus Strain
Strain
Host
species G type P type
a Human 1 1A[8]
T3 Human 4 2A[6]
V3 Human 3 2A[6]
V4 Human 1 1A[8]
U32 Human 9 1A[8]
37 Human 1 2A[6]
16E Human 9 5[11]
A70 Human 4 1A[8]
SU Porcine 5 9[7]
M Porcine 11 9[7]
UN Human 2 1B[4]
V5 Human 2 1B[4]
2 Human 2 1B[4]
076 Human 2 2A[6]
210 Human 2 1B[4]
28 Human 10 NDb
S1205 Human 9 2A[6]
K Bovine 6 7[5]
CDV Bovine 6 6[1]
-I Equine 5 [7]
I23 Equine ND ND
A11 Simian 3 [2]
U-1 Human 3 3[9]
RV-1 Feline 3 3[9]
S15 Canine 3 5[3]
RV64 Feline 3 5[3]
2 Lapine 3 [14]
RV Simian 3 5[3]
W Murine 3 [16]
HP Murine 3 [20]
C Murine 3 [16]
a Indicates unpublished data.
b Not described.he evolutionary distances allowed identification of the nourth NSP4 allele, which was represented by the murine
otavirus strain EW, in addition to the Wa, KUN, and AU-1
SP4 alleles. The evolutionary distances within alleles
ere less than 10%. The EW allele included the NSP4s from
wo other murine rotavirus strains, EC and EHP. Of the nine
SP4s added in this study, two human rotavirus strains,
16E and VA70, NSP4s were classified into the Wa allele.
nother human rotavirus strain US1205 NSP4 was classi-
ied into the KUN allele. Two equine rotavirus strains, B-I
nd HI23, NSP4s, and one lapine rotavirus strain, R2 NSP4,
ere classified into the AU-1 allele. Among the Wa allele,
epresented by the human strain Wa, were seven other
uman strains and two porcine strains. Among the KUN
llele, represented by the human strain KUN, were six other
uman strains, two bovine strains, two equine strains, and
he simian SA11 strain. The third allele, designated as the
U-1 allele, included the human AU-1 strain, feline FRV-1
nd FRV64, canine RS15, simian RRV, and lapine R2. In
espect to host species, while the EW allele is homoge-
in This Study
group
Accession
number Reference
II K02032 Okada et al., 1984
II U59110 Kirkwood and Palombo, 1997
II U42628 Kirkwood et al., 1996
II U59108 Kirkwood and Palombo, 1997
II D88830 Horie et al., 1997
II U59109 Kirkwood and Palombo, 1997
II U78558 —a
II U83798 Kirkwood and Palombo, 1997
I D88831 Horie et al., 1997
I X69485 Lopez and Arias, 1993
I D88829 Horie et al., 1997
I U59103 Kirkwood and Palombo, 1997
I U59104 Kirkwood and Palombo, 1997
I U59105 Kirkwood and Palombo, 1997
II U59107 Kirkwood and Palombo, 1997
I D01145 Ballard et al., 1992
ND AF079358 —
I M21885 Baybutt et al., 1984
I X06806 Powell et al., 1988
ND AB005473 This study
ND AB005474 This study
I K01138 Both et al., 1983
I D89873 Horie et al., 1997
I D89874 Horie et al., 1997
I D88832 Horie et al., 1997
I D88833 Horie et al., 1997
II AB005472 This study
I L41247 —
nI/II AB003805 This study
ND U96336 Angel et al., 1998
ND U96337 Angel et al., 1998ABLE 1
s Used
Sub
noeous, the Wa, KUN, and AU-1 alleles are heterogeneous.
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401DIARRHEA INDUCTION BY ROTAVIRUS NSP4he evolutionary distances between the Wa and KUN al-
ele, between the Wa and AU-1 allele, and between the KUN
nd AU-1 allele ranged from 14.3 to 22.8%, while the evo-
utionary distances between the EW allele and the other
hree alleles ranged from 44.5 to 53.2%. These suggest that
he EW allele is divergent from the other three NSP4 alleles
FIG. 1. Phylogenetic tree for NSP4s constructed by the neighbor-join
SP4s is proportional to the evolutionary distance between these two
ubstitutions per 100 sites (percentage divergence). Bootstrap probab
ootstrap probability at the asterisk node (*) is 66.8%. E9301, Bristol, and
o root the phylogenetic tree.rom the evolutionary perspective. oA phylogenetic tree was constructed by the neighbor-
oining method using the NSP4s from group C rotaviruses
the Ehime 9301 and Bristol strains) and group B rotavirus
the IDIR strain) as outgroups and confirmed four major
ineages corresponding to four distinct NSP4 alleles (Fig. 1).
lthough divergence into the Wa, KUN, and AU-1 alleles
thod of Saitou and Nei (1987). The horizontal distance connecting two
. The evolutionary distance is expressed as the number of amino acid
qual to or greater than 90% (.900 of 1000 trials) are indicated. The
re the groups C and B rotavirus strains and were added as outgroupsing me
NSP4s
ilities e
IDIR accurred at about the same time during evolution, diver-
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402 HORIE ET AL.ence into the EW allele occurred significantly prior to that
nto the other group A rotavirus alleles (Fig. 1).
ydrophobicity profiles of the group A rotavirus NSP4
mino acid sequences
The hydrophobicity profiles predicted by the Kyte–
oolittle algorithm for the group A rotavirus NSP4 se-
uences revealed that the conformation of the NSP4s was
onsistent irrespective of the alleles or host species from
hich the NSP4s were derived, thus an amino-terminal half
amino acid residues 1–82) being hydrophobic, a carboxy-
FIG. 2. Hydrophobicity profiles for the Wa NSP4 representing the Wa
llele, the SA11 NSP4 representing the KUN allele, the AU-1 NSP4
epresenting the AU-1 allele, and the EW NSP4 representing the EW
llele constructed by the Kyte–Doolittle algorithm.erminal half (amino acid residues 83–175) being hydro- ohilic and in the middle region of the carboxy-terminal half
eing a relatively hydrophobic domain (Fig. 2).
xpression and confirmation of the GST-EW NSP486-175
usion protein and the GST protein
Because we initially failed to express the full-length
SP4 as a GST fusion protein, we expressed the EW
SP486-175 as a GST fusion protein. The GST-EW NSP486-
75 fusion protein in E. coli extracts was readily visible as
37-kDa band upon SDS–PAGE (Fig. 3). The soluble form
f the fusion protein in E. coli extracts was expressed at
pproximately a 100-fold lower level compared to the
nsoluble form (Fig. 3). However, the fusion protein was
xpressed in large quantities in E. coli, so we put only
he soluble form to use and could obtain approximately 5
g from 1 liter of bacterial cultures. On the other hand,
he GST protein was essentially soluble and migrated
ith an apparent molecular weight of 26 kDa upon SDS–
AGE (data not shown). Approximately 20 mg of the GST
rotein were obtained from 1 liter of bacterial cultures.
omparison of Coomassie brilliant R-250-stained gel
the upper panel) and Western blot (the lower panel) in
ig. 4 indicated that electrophoresed proteins contained
GST molecule, suggesting that these proteins were the
ST fusion protein or the GST protein.
iarrhea induction in neonatal mice
Intraperitoneal administration of 1 nmol of the GST-EW
SP486-175 fusion protein induced watery diarrhea in 57.1%
8/14) of the 5- to 6-day-old CD1 mice, whereas 8.3%
1/12) and 10% (1/10) of the 5- to 6-day-old CD1 mice had
atery diarrhea after intraperitoneal administration of 1
mol of the GST protein and 50 ml of the glutathione
lution buffer, respectively. Ordinary stool was observed
FIG. 3. Subcellular localization of GST-EW NSP486-175 fusion protein in
. coli extracts. Lane 1, marker proteins of known molecular weights.
ane 2, whole cell lysates containing the GST-EW NSP486-175 fusion
rotein. Lane 3, the soluble (supernatant) fraction prepared by sonica-
ion and centrifugation of the whole cells containing the GST-EW
SP486-175 fusion protein. Lane 4, the insoluble (pellet) fraction prepared
y sonication and centrifugation of the whole cells containing the
ST-EW NSP486-175 fusion protein. The solid arrow indicates the position
f the GST-EW NSP486-175 fusion protein.
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403DIARRHEA INDUCTION BY ROTAVIRUS NSP4ith the GST-EW NSP486-175 fusion protein in 14.2% (2/14)
f the CD1 neonatal mice, whereas 58.3% (7/12) and 70%
7/10) of the CD1 neonatal mice had ordinary stool after
ntraperitoneal administration of the GST protein and the
lutathione elution buffer, respectively (Table 3). The ef-
ect of the GST protein on diarrhea induction in CD1
eonatal mice was almost equal to that of the glutathione
lution buffer, suggesting that the GST protein had no
ffect on diarrhea induction in CD1 neonatal mice.
mong the diarrheogenic effect of the GST-EW NSP486-175
usion protein, the GST protein and the glutathione elu-
ion buffer in the 5- to 6-day-old CD1 mice was observed
significant difference; significance, expressed by a
ruskal–Wallis rank test, was 0.0036. These suggest that
he GST-EW NSP486-175 fusion protein can induce diarrhea
n CD1 neonatal mice.
Six of eight neonatal mice with watery diarrhea, to which
he GST-EW NSP486-175 fusion protein was administered,
ad diarrhea within 3 h after administration. Each of two
eonatal mice with watery diarrhea, to which the GST
rotein or the glutathione elution buffer were administered,
ad diarrhea 6 and 24 h after administration.
DISCUSSION
Phylogenetic analyses revealed that the SA11 and
FIG. 4. Confirmation of the GST-EW NSP486-175 fusion protein and GST
rotein purified from E. coli extracts. Aliquots of 0.05 nmol of the
urified GST-EW NSP486-175 fusion protein and the purified GST protein
ere separated on a 10% SDS–polyacrylamide gel followed by staining
ith Coomassie brilliant blue R-250 (the upper panel). Lane 1, markers;
ane 2, 0.05 nmol (corresponding to 0.25 mg) of the purified GST-EW
SP486-175 fusion protein; Lane 3, 0.05 nmol (corresponding to 0.17 mg)
f the purified GST protein. A Western blot corresponding to the upper
anel with an anti-GST antibody (the lower panel). Bands were found at
he positions where the GST-EW NSP486-175 fusion protein and the GST
rotein migrated on SDS–PAGE.SU NSP4s belonged to the KUN and Wa alleles, re- (pectively, which were evolutionarily divergent from the
W allele consisting only of the NSP4s from murine
otavirus strains. Thus, the experiment, which is carried
ut with the EW NSP4 derived from a murine rotavirus
train on neonatal mice, should give a better understand-
ng of the role of the NSP4 in mice. We expressed the EW
SP486-175 as a GST fusion protein to carry out the exper-
ment because amino acid residues 114–135 of the NSP4
as cytotoxic and increased intracellular calcium in eu-
aryotic cells (Tian et al., 1995). The GST-EW NSP486-175
usion protein could induce diarrhea in CD1 neonatal
ice and the GST protein had no effect on diarrhea
nduction in CD1 neonatal mice. Therefore, it was the EW
SP486-175 that had an enterotoxigenic activity.
Ball et al. (1996) reported that intraperitoneal adminis-
ration of 0.1 nmol of a full-length SA11 NSP4 induced
iarrhea in 60% (6/10) of 6- to 7-day-old CD1 mice. Zhang
t al. (1998) have also reported that 56.5% (13/23) of 6- to
-day-old CD1 mice had diarrhea after intraperitoneal
dministration of 0.25 nmol of a full-length virulent OSU-v
SP4. Similarly, we observed that intraperitoneal admin-
stration of 1 nmol of the EW NSP486-175 induced diarrhea
n 57.1% (8/14) of 5- to 6-day-old CD1 mice. Furthermore,
all et al. (1996) reported that the full-length SA11 NSP4
nduced diarrhea 1 to 4 h after administration. This ki-
etics of diarrhea induction agrees with our observation
hat the EW NSP486-175 induced diarrhea within 3 h after
dministration in 6 of 8 CD1 neonatal mice with watery
iarrhea. Thus, the effect of the EW NSP486-175 on CD1
eonatal mice in diarrhea induction is similar to that of
he SA11 NSP4.
Ball et al. (1996) reported that intraperitoneal adminis-
ration of 100 nmol of the SA11 NSP4114-135 induced diar-
hea in 68.7% (11/16) of CD1 neonatal mice and the
isease response to the peptide was dose-dependent
x2 trend 5 9.98, P 5 0.0016) with a 50% diarrheal dose of
9 nmol. Thus, we can reasonably extrapolate that 1
mol of the SA11 NSP4114-135 should minimally induce
iarrhea in mice. Furthermore, Ball et al. (1996) reported
hat 1 nmol of the full-length SA11 NSP4 induced diar-
hea in 100% (10/10) of mice. We observed that 57.1%
8/14) of CD1 neonatal mice had diarrhea after intraperi-
oneal administration of 1 nmol of the EW NSP486-175
TABLE 3
Diarrhea Induction in CD1 Mice
GST-EW
NSP486-175 GST
Glutathione
elution buffer
atery diarrhea 8 1 1
oose yellow stool 4 4 2
rdinary stool 2 7 7
Note. The data are presented as the number of mice that have
atery diarrhea, loose yellow stool, or ordinary stool. P 5 0.0036Kruskal–Wallis rank test).
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404 HORIE ET AL.Table 3). Thus, the enterotoxigenic activity of the NSP4 is
oughly proportional to the size of the NSP4 peptide. In
eneral, as a protein becomes small, the protein does
ot fold into the native conformation (Alberts et al., 1994);
ence it is less likely that the NSP486-175 or NSP4114-135
eptides fold into the native conformation of the full-
ength NSP4. Therefore, these peptides were presum-
bly less diarrheogenic than the full-length NSP4. More-
ver, because the GST-EW NSP486-175 is a fusion protein,
he EW NSP486-175 peptide might further change the native
onformation.
Ball et al. (1996) have reported that the SA11 NSP490-123
eptide, which overlaps the 114–135 peptide by nine
esidues and is longer than the 114–135 peptide, showed
ess response than the SA11 NSP4114-135 peptide in diar-
hea induction of CD1 neonatal mice. This reduced re-
ponse suggests that the critical domain of the NSP4 in
iarrhea induction is located in amino acid residues
14–135 of the NSP4. Furthermore, it is noteworthy that
mino acid sequences of the NSP4114-130 peptide are best
onserved, whereas the NSP4131-135 peptide shows the
igh sequence variation in the amino acid sequence of
he NSP4 (Horie et al., 1997). Amino acid sequences at
esidues 115–130 are completely conserved among the
W, SA11, and OSU-v NSP4s (Fig. 5). Aspartic acid at
osition 114 of the SA11 and OSU-v NSP4s is replaced
ith the equivalent amino acid in their physico-chemical
ature, glutamic acid, at position 114 of the EW NSP4
Fig. 5). On the other hand, the amino acid residues at
osition 131, 133, and 135 are not equivalent in their
hysicochemical nature among the three strains NSP4s
ecause tyrosine is an uncharged polar amino acid
hereas histidine is a positively charged polar amino
cid, and methionine and valine are nonpolar whereas
ysine and threonine are polar (Fig. 5). The EW, SA11, and
SU NSP4s are highly conserved at residues 114–130
nd highly variable at residues 131–135. Therefore,
mino acid residues 114–130 of the NSP4 are a candi-
ate that binds to the putative receptor on the intestinal
pithelium and induces diarrhea in neonatal mice.
The enterotoxigenic activity of 1 nmol of the NSP4 is
oughly proportional to the size of the NSP4 peptide.
urthermore, 100% of CD1 neonatal mice had diarrhea
fter administration of 1 nmol of the full-length NSP4 (Ball
FIG. 5. Predicted amino acid sequence of residues 114–135 of the
W NSP4. The corresponding amino acid sequences of the SA11 (Ball
t al., 1996) and OSU-v (Zhang et al., 1998) NSP4s are shown below that
f the EW NSP4 only where they differ.t al., 1996). We conclude that the NSP4 can induce riarrhea alone as a rotavirus enterotoxin in CD1 neona-
al mice. This is apparently inconsistent with Angel’s
eport, in which the homologous murine rotavirus strain
C induced diarrhea in CFTR knockout mice (Angel et al.,
998). It may be due to an alternative calcium-modulated
ntestinal chloride channel in CFTR knockout mice, as
ngel et al. (1998) suggested. Another explanation is that
he homologous murine rotavirus particles induced diar-
hea in CFTR knockout mice according to the conven-
ional mechanism. The murine rotaviruses replicate effi-
iently in the small intestine of CFTR knockout mice and
hen rotavirus-infected villus enterocytes are destroyed.
he loss of large numbers of villus absorptive cells leads
o diarrhea. In this case, even if the murine rotavirus
SP4 can not function as an enterotoxin in CFTR knock-
ut mice because of the absence of a calcium-modu-
ated chloride channel in their intestinal epithelium, di-
rrhea can be observed in neonatal CFTR knockout
ice.
We observed that 6 of 8 neonatal mice with watery
iarrhea, to which the GST-EW NSP486-175 fusion protein
as administered, had diarrhea within 3 h after admin-
stration. This kinetics of diarrhea induction was much
arlier than that observed in natural rotavirus infection in
eonatal mice (Angel et al., 1998). These can allow us to
peculate that the NSP4 plays an important role in in-
ucing diarrhea at the early stage of the natural history of
otavirus illness. After efficient replication of rotaviruses
n the small intestine, it is supposed that diarrhea can be
nduced by both the conventional mechanism and the
SP4.
The phylogenetic analysis for 31 NSP4s from the group
rotavirus strains allowed identification of the four dis-
inct NSP4 alleles; the Wa, KUN, AU-1, and EW alleles. On
he other hand, the hydrophobicity profiles predicted by
he Kyte–Doolittle algorithm for the group A rotavirus
SP4 amino acid sequences used in this study did not
how the specific features according to each allele and
he structural features of the group A rotavirus NSP4s
ere consistent irrespective of alleles; besides the en-
erotoxigenic activity of the NSP4s was also likely to be
onsistent irrespective of alleles. We speculate that the
nterotoxigenic activity of the NSP4 is dependent on the
onsistent structural feature and the well-conserved pu-
ative receptor-binding site at residues 114–130.
MATERIALS AND METHODS
irus strains
The rotavirus strains, EW, B-I, HI23, and R2, were
rown in MA104 cells in the presence of 0.5 mg of trypsin
type IX, Sigma, St. Louis, MO) per milliliter. The virus
articles were purified from infected MA104 cell cultures
y pelleting at 36,000 rpm for 3 h in a Beckman type 45Tiotor followed by sedimentation through 30% (w/v) su-
c
r
R
(
f
N
C
c
p
(
p
q
q
E
l
r
a
S
a
c
o
f
a
s
a
r
W
C
g
t
1
b
a
a
D
(
n
d
s
C
r
w
G
5
G
2
G
p
n
t
B
a
i
s
E
S
a
(
p
i
c
o
i
a
i
(
c
p
a
l
M
a
B
c
(
f
r
4
o
(
s
w
w
N
e
L
g
t
C
d
o
B
b
1
t
S
f
f
405DIARRHEA INDUCTION BY ROTAVIRUS NSP4rose at 38,000 rpm for 3 h in a Beckman-type SW41Ti
otor.
everse transcription-polymerase chain reaction
RT-PCR), cloning, and sequencing
Genomic RNA was extracted with phenol-chloroform
rom purified virions and reverse transcribed with an
SP4 gene-specific 39-terminal primer (EndG10: 59-GGT-
ACATTAAGACCATTCC-39) (Horie et al., 1997). The
DNA was amplified by PCR with the same 39-terminal
rimer and an NSP4 gene-specific 59-terminal primer
1UG10: 59-TTTTAAAAGTTCTGTTC-39), cloned into
CR2.1 vector (Invitrogen, San Diego, CA), and se-
uenced on an ABI PRISM 377 automated DNA se-
uencer by the DyeDeoxy terminator method (Perkin
lmer, Norwalk, CT).
Three independent cDNA clones were sequenced at
east twice on both strands, with an average sequence-
un length for unambiguous reading from each primer of
pproximately 400 nt.
equence analysis and hydrophobicity profiling
The rotavirus NSP4 sequences used in this study
re summarized in Table 1. For amino acid sequence
omparisons and hydrophobicity profiles, we used
nly the amino acid sequences that were deduced
rom the open reading frame spanning nt 42–566, thus
voiding the effect of incorporated terminal primer
equences. The hydrophobicity profiles of the NSP4
mino acid sequences from 31 strains of group A
otaviruses were analyzed with a program in the Gene-
orks Version 2.5 software package (IntelliGenetics,
ampbell, CA) that utilized the Kyte and Doolittle al-
orithm, and the NSP4 sequences were aligned with
he CLUSTAL W software package (Thompson et al.,
994). Evolutionary distances, expressed as the num-
er of amino acid substitutions per 100 sites (percent-
ge divergence), between every pair of the NSP4
mino acid sequences were estimated with the Prot-
ist program in the Phylip 3.5c software package
Felsenstein, 1993). A phylogenetic tree based on the
eighbor-joining method of Saitou and Nei (1987) was
rawn with the N-J plot program in the CLUSTAL W
oftware package (Thompson et al., 1994).
onstruction of recombinant expression vector
The truncated region corresponding to amino acid
esidues 86–175 of the EW NSP4 was generated by PCR
ith a site-specific 39-primer (GCCGGATCCTCACAATG-
CGCGATAACATC-39; based on the sequence nt 563–
46) and a site-specific 59-primer (59-GCCGGATCCAAC-
ACTATCTCACAGATAAA-39; based on the sequence nt
94–314), which contained a BamHI recognition site. A
CC sequence was added at the 59-terminus of both
rimers such that BamHI could effectively cut the recog- pition site. The complementary sequence of the termina-
ion codon was introduced next to the 39-terminus of the
amHI recognition site in the site-specific 39-primer. An
mplified and BamHI-cut cDNA fragment was cloned
nto a BamHI-cut pGEX-4T-1 expression vector (Amer-
ham Pharmacia Biotech, Buckinghamshire, U.K.).
xpression and purification of the glutathione
-transferase (GST) protein and the GST-amino
cid residues 86–175 of EW NSP4
GST-EW NSP486-175) fusion protein
The GST protein and the GST-EW NSP486-175 fusion
rotein were expressed and purified essentially accord-
ng to Smith and Johnson (1988). Overnight cultures of E.
oli strain DH5a, transformed with either the pGEX-4T-1
r with the recombinant pGEX-4T-1, were diluted 1:100
nto fresh YT medium containing ampicillin (100 mg/ml)
nd grown to an OD600 of 0.3–0.4. Gene expression was
nduced by addition of isopropylthio-b-D-galactoside
Roche Diagnostics, Mannheim, Germany) to 0.1 mM and
ells were incubated for a further 3 h. Bacteria were
elleted by centrifugation at 7000 rpm for 10 min at 4°C
nd resuspended in 1/20 vol of phosphate-buffered sa-
ine (PBS) with 0.5 mg lysozyme (Roche Diagnostics,
annheim, Germany) per milliliter for 30 min on ice. After
ddition of dithiothreitol (Amersham Pharmacia Biotech,
uckinghamshire, U.K.) at a final concentration of 5 mM,
ells were disrupted using a Bioruptor UCD-200TM
Cosmo Bio, Tokyo, Japan). Triton X-100 was added at a
inal concentration of 1% to the cell lysates. Debris was
emoved by centrifugation as described above. Typically,
0-ml aliquots of the clarified cell lysates were rocked
vernight with 1 ml of a 50% glutathione–Sepharose 4B
Amersham Pharmacia Biotech, Buckinghamshire, U.K.)
lurry in PBS, 1 mM NaN3. Glutathione–Sepharose 4B
as collected by centrifugation and washed three times
ith 40 vol of PBS. The GST protein and the GST-EW
SP486-175 fusion protein were eluted three times with an
qual volume of 10 mM reduced glutathione (Sigma, St.
ouis, MO) in 50 mM Tris–HCl adjusted to pH 8.0 (the
lutathione elution buffer). These proteins were concen-
rated using a Centricon-10 (10 kDa cutoff) (Millipore
orp., Bedford, MA) and the protein concentrations were
etermined using a Protein assay reagent (Bio-Rad Lab-
ratories, Hercules, CA) according to the method of
radford. These proteins were sterile based on results of
acteriologic culturing in LB broth incubated at 37°C for
week and lacked endotoxins based on the experimen-
al data using an Endotoxin kit (Sigma, St. Louis, MO).
DS–PAGE analysis of GST-EW NSP486-175
usion protein
Whole cell lysates containing the GST-EW NSP486-175
usion protein, the supernatant (soluble) fraction, and the
ellet (insoluble) fraction following sonication and cen-
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406 HORIE ET AL.rifugation of the whole cells containing the GST-EW
SP486-175 fusion protein were prepared. These were
ysed in lysis buffer (1% TritonX-100 in PBS), mixed with
aemmli sample buffer, and separated by electrophore-
is on a 10% SDS–polyacrylamide gel in a Mini-Protean
I apparatus (Bio-Rad Laboratories, Hercules, CA) ac-
ording to the manufacturer’s instruction followed by
taining with Coomassie brilliant blue R-250.
estern blot of GST-EW NSP486-175 fusion protein and
ST protein
Aliquots of 0.05 nmol of the purified GST-EW NSP486-175
usion protein and the purified GST protein were electro-
horesed on a 10% SDS–polyacrylamide gel. Electropho-
esed proteins were transferred to a polyvinylidene fluo-
ide (PVDF) microporous membrane (Millipore Corp.,
edford, MA) using a TE22 Mighty Small Transphor ap-
aratus (Amersham Pharmacia Biotech, Buckingham-
hire, U.K.) according to the manufacturer’s instruction.
he PVDF microporous membrane was probed with an
nti-GST antibody (Amersham Pharmacia Biotech, Buck-
nghamshire, U.K.). The GST protein–antibody complexes
ere reacted with horseradish peroxidase-conjugated
nti-goat immunoglobulin and visualized using the chro-
ogen containing 0.56 mM 4-chloro-1-naphthol with
.0003% hydrogen peroxidase as an enzyme substrate.
iarrhea induction in neonatal mice
Into groups of 5- to 6-day-old CD1 mice (Charles River
apan, Yokohama, Japan) were administered intraperito-
eally 1 nmol of the GST-EW NSP486-175 fusion protein in
0 ml glutathione elution buffer, 1 nmol of the GST protein
n 50 ml glutathione elution buffer, or 50 ml of the gluta-
hione elution buffer. The neonatal mice were isolated
nd kept warm and humid. To determine the presence of
iarrhea, we examined each neonatal mouse every 1 h
or the first 8 h and at 12 and 24 h after inoculation by
ently pressing the abdomen. The severity of diarrhea
as classified into three categories; watery diarrhea,
oose yellow stool, and ordinary stool. Loose yellow stool
ith some liquid was classified into the category “watery
iarrhea.” Loose yellow stool was not considered diar-
hea. Statistical analysis was performed at the 5% level
f significance using a Kruskal–Wallis rank test in Table 3.
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